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We study TmB4, a frustrated magnet on the Archimedean Shastry-Sutherland lattice, through
magnetization and transport experiments. The lack of anisotropy in resistivity shows that TmB4
is an electronically three-dimensional system. The magnetoresistance (MR) is hysteretic at low-
temperature even though a corresponding hysteresis in magnetization is absent. The Hall resistivity
shows unconventional anomalous Hall effect (AHE) and is linear above saturation despite a large
MR. We propose that complex structures at magnetic domain walls may be responsible for the
hysteretic MR and may also lead to the AHE.
Geometric frustration in magnetic systems arises from
competing magnetic interactions that cannot be satisfied
simultaneously and leads to a variety of exotic ground
states [1]. While insulating frustrated materials are well
studied, metallic systems have received less attention [2].
In metallic materials, the conduction electrons mediate
interactions between the magnetic moments. Addition-
ally, the transport properties in such systems can be
strongly influenced by the magnetic structure [1]. This
interplay between magnetism and charge can be exploited
in two ways: to engineer a highly field tunable response
of the transport properties [3] or to use transport ex-
periments as an indirect probe of the complex magnetic
structures that arise in such systems [4, 5].
The rare earth tetraboride family (RB4, R is a
rare earth) is a series of metallic frustrated magnets.
RB4 crystallizes in a tetragonal structure (space group
P4/mbm, 127) [6], consisting of alternating layers of R
and B ions (Fig 1(a)). The R ions form a frustrated
Shastry-Sutherland lattice (SSL) with competing inter-
actions J1 and J2 [7]. Quite remarkably, high resolution
structural refinement of LaB4 [8] and HoB4 [9] show that
the R-R bonds corresponding to J1 and J2 are equal in
length, making the R-sublattice a rare physical realiza-
tion of one of the eleven Archimedean lattices [10] (Fig.
1(b)). While other frustrated Archimedean lattices such
as the triangular and Kagome´ lattices are well studied
[10, 11], the RB4 family is the only known realization of
the Archimedean Shastry-Sutherland lattice.
In this article, we use magnetization and transport ex-
periments to study TmB4, a member of the RB4 family
that has attracted attention for its rich phase diagram
[13–16] (Fig. 1(c)). Crystal field effects at the Tm3+
sites (site symmetry mm) lift the degeneracy of the J = 6
multiplet and the ground state is the doublet MJ = ±6
[14]. A strong Ising anisotropy is present [17] and the in-
teractions between the Tm3+ spins consist of both direct
exchange and RKKY. Below TN2 = 9.7K, an antifer-
romagnetic Ne´el phase is stable and the magnetization
shows a striking field dependence: a wide half plateau is
present at M/Msat = 1/2 (Msat is the saturation magne-
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FIG. 1: (a) Crystal structure of RB4. The R and B layers are
labelled. (b) The R sublattice viewed along the c-axis, show-
ing the Archimedean Shastry-Sutherland lattice. (c) Phase
diagram of TmB4 as determined from our data [12].
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2tization of 7µB/Tm) and a narrow hysteretic fractional
plateau at M/Msat ∼ 1/8 [14, 15, 18]. Between TN1
= 11.7K and TN2, neutron scattering experiments find
two long-range-modulated phases, MP1 and MP2 [16].
While MP1 can be indexed by a single modulation vec-
tor of periodicity ∼ 8 unit cells (u.c.), MP2 requires an
additional modulation of ∼ 80 u.c. [16]. Frustration in
TmB4 is reflected in the moderately large frustration pa-
rameter [15, 19] and in the appearence of a diffuse peak
in neutron scattering above TN2 [16], indicative of short-
range order. In the temperature range TN1 > T > TN2,
the diffuse peak coexists with the sharp peaks from MP1
and MP2 [16].
Theoretical models for TmB4, focused on explaining
the unusual plateau structure, have assumed a two di-
mensional (2D) nature (in analogy to another SSL com-
pound SrCu(BO3)2 [20]). While a 2D SSL in the Ising
limit cannot have a half plateau [21], several groups have
demonstrated the existence of a half plateau by consider-
ing longer range interactions [22–25]. Even so, the mod-
ulated phases and the fractional plateau remain unex-
plained, despite the relatively simple structure of TmB4
and intense theoretical effort [21–25].
Here we present a combined transport and magne-
tization study of TmB4. By measuring the resistivity
anisotropy, we find that TmB4 is an electronically three
dimensional (3D) system. We find unusual hysteretic
magnetoresistance (MR) which may arise from complex
structures at magnetic domain walls. We further find
the presence of an unconventional anomalous Hall effect
(AHE).
Methods - TmB4 single crystals were synthesized by
solution growth method using an Al flux and oriented us-
ing X-ray diffraction in the Laue geometry to within ±5◦
[12]. Quantum Design (QD) MPMS XL SQUID magne-
tometer was used for DC magnetization measurements
and QD PPMS for transport experiments [12]. Since the
magnetization in the fractional plateau phase is known
to vary with field history [14, 18], a protocol was devel-
oped that reproduces the same magnetization curve at
2K when the measurement is repeated [12].
Results - An examination of the in plane and out of
plane longitudinal resistivities (ρxx and ρzz, Fig 2(a)) re-
veals two key features. First, ρxx and ρzz show a signifi-
cant drop at TN1 and TN2 due to decrease in scattering
from disordered spins. Second, both ρxx and ρzz are very
similar in magnitude and T -dependence. The second re-
sult is in sharp contrast with the assumption of TmB4
being a quasi 2D system [22–25]. To rule out a possible
misalignment, we confirmed the orientation of the crys-
tal used for c-axis transport after the experiments [12].
We conclude that TmB4 is an electronically 3D system.
This result is expected from the 3D crystal structure: the
smallest distance between the Tm ions along the c-axis
is 3.987A˚ while the corresponding in plane distance is
3.64A˚ [6]. Further support comes from band structure
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FIG. 2: (a) In plane (ρxx) and out of plane (ρzz) longitudi-
nal resistivities at zero field. Inset: photograph of a TmB4
single crystal used in our experiments. The c-axis is perpen-
dicular to the shiny facet. (b) In plane Hall resistivity ρxy at
µ0H = 1T. (c) Magnetization M and d(χT )/dT (χ is the dc
susceptibility) at µ0H = 1T. The magnetic field is not cor-
rected for demagnetization. Vertical dotted lines represent
TN1 and TN2. We estimate an error of 20% on the absolute
values of ρxx, ρxy and ρzz [26].
calculations [27] and quantum oscillation measurements
on the related compound YB4 [28], which show that the
Fermi surface is 3D.
The isotropic nature of the resistivity implies that the
out of plane magnetic interactions between Tm spins are
non-negligible in comparison to the in plane interactions
J1 and J2. Future theoretical models must take this re-
sult into consideration. We suggest that an anisotropic
Kondo lattice model, similar to that used for β-YbAlB4
[29], may be more appropriate for TmB4, although fur-
ther experiments are needed to establish such a picture.
The in plane Hall resistivity (ρxy, Fig 2(b)) decreases
at high temperature but shows a sharp upturn at TN1
and a change of slope at TN2. To investigate this unusual
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FIG. 3: (a)-(c) M , ρxx and ρxy at 2K. (d)-(f) M , ρxx and ρxy at 10.5K. (g)-(i) M , ρxx, and ρxy at 15K. The dashed lines
are best fits to conventional AHE theories (Eqn. 1) and the solid grey lines are linear fits to ρxy above saturation. At 2K, the
best fit is to the downsweep. The colored backgrounds correspond to different magnetic phases (Fig. 1(c)).
behavior in ρxy, we measured the magnetic field depen-
dence of M , ρxx and ρxy at three temperature regimes:
T < TN2 (2K), TN2 < T < TN1 (10.5K) and T > TN1
(15K), shown in Fig. 3.
The magnetization at 2K, shown in Fig. 3(a) as a func-
tion of magnetic flux density B = µ0H + M [12], dis-
plays the previously reported plateau structure [13–15].
ρxx at 2K (Fig. 3(b)), shows features at the magnetic
transitions indicating a strong influence of the magnetic
structure on ρxx. Similar features have been observed
in other metallic magnets such as SrCo6O11 [30] and
RNi2Ge2 [31]. Suprisingly, ρxx shows a strong hystere-
sis at all magnetic fields below saturation, including zero
field, even though the magnetization shows a noticeable
hysteresis only at the fractional plateau.
The vanishing of hysteresis in MR above saturation
allows us to exclude nonmagnetic explanations such as
structural defects and extrinsic impurities. Hysteretic
MR has previously been observed in phase separated
perovskite manganites [32] and ferromagnets such as
Fe1/4TaS2 [33], where it is the result of a change in the
bulk magnetic structure. The presence of a hysteresis
in MR with no corresponding hysteresis in magnetiza-
tion is counterintuitive (because the lack of hysteresis in
the magnetization suggests that the magnetic structure
remains the same). We return to this result later.
We now examine the Hall resistivity in TmB4. Con-
ventionally, the Hall resistivity of a magnetic material
can be decomposed into its ordinary contribution which
depends on B [12], and an anomalous contribution which
depends on M and the scattering rate (through ρxx) [34]:
ρxy = R0B + (aρxx + bρ
2
xx)M, (1)
where R0 is the ordinary Hall coefficient and a and b are
constants. The second term (ρxy ∼ ρxxM) is due to the
skew scattering mechanism [35, 36], while the third term
(ρxy ∼ ρ2xxM) is a combination of intrinsic AHE and
side jump mechanisms [37–39]. By comparing our data to
Eqn. 1, we can test if the AHE in TmB4 can be explained
by conventional theories. While some of the magnetic
4phases, especially the fractional plateau phase, extend
over a narrow H-range to allow a definite comparison,
our conclusions remain unaffected.
ρxy at 2K (Fig. 3(c)) consists of regions of linear be-
havior separated by sharp jumps and shows hysteresis
between 1.4T and 2.5T. We notice that ρxy does not
scale with magnetization. As we go from the Ne´el phase
(brown) to the fractional plateau phase (green), the mag-
netization increases and ρxy shows a corresponding in-
crease. However, as we reach the half plateau (orange),
ρxy drops. Saturation (white) leads to an even larger
drop in ρxy. Moreover, ρxy is linear above saturation
despite the presence of a large, nonsaturating MR. This
result shows that ordinary contributions to ρxy dominate
above saturation and conventional contributions to AHE
are negligibly small (a ' 0, b ' 0 in Eqn 1). A best fit of
the down sweep to Eqn 1, while showing good agreement
between 2T and 4T, deviates significantly below 2T and
is strongly nonlinear above saturation (Fig. S7 in [12]).
The magnetic and transport properties of MP1 are
qualitatively similar to those of MP2 [12] and we focus
our analysis on the latter. At 10.5K, the long-range mod-
ulation of MP2 disappears at 1.6T and the magnetization
saturates at ∼ 7T (Fig. 3(d)). ρxy shows a sharp kink at
1.6T, then a broad hump at ∼ 4T before finally becom-
ing linear above saturation (Fig. 3(f)). Considering the
behavior of M and ρxx (Fig. 3(e)), both of which do not
show a hump, conventional contributions to AHE cannot
lead to the observed ρxy. Despite the presence of a strong
MR above saturation, ρxy is linear, indicating that con-
ventional contributions to AHE can be neglected. A best
fit of ρxy to Eqn 1 deviates strongly from the measured
data (Fig. 3(f)).
At T > TN1, no long-range magnetic order is present
and M (Fig. 3(g)) increases smoothly until the maxi-
mum measured field. Both ρxx and ρxy at 15K (Figs.
3(h-i)) are very similar to the corresponding curves at
10.5K, despite the absence of long range order at 15K.
ρxy shows a kink at 1T and a broad hump at ∼ 5T be-
fore becoming linear above saturation. Using the same
arguments as those at 10.5K, we conclude that conven-
tional contributions to AHE are negligibly small at 15K
and a best fit of ρxy to Eqn. 1 deviates strongly from the
measured data (Fig. 3(i)).
An unusual feature common to the ρxy data at all three
temperatures is the non-zero y-intercept of the linear fit
above saturation. However, the slope of linear fit to the
ρxy data is comparable at all three temperatures (Sec.
IX in [12]). The carrier concentration calculated at 2K
matches well with the value at 300K (where no AHE is ex-
pected to be present) as well as the experimentally mea-
sured value on the non-magnetic compound YB4 (Sec.
IX in [12]). This correspondence suggests that the high-
field behavior of ρxy is the sum of a linear contribution
from ordinary Hall effect and a constant term.
Discussion - The MR of TmB4 shows strong hystere-
sis at 2K despite the absence of corresponding hysteresis
in the magnetization. We suggest that subtle changes
occur in the magnetic structure of TmB4 that strongly
influence the MR but not the bulk magnetization. Neu-
tron scattering experiments have shown that the mag-
netic structure in the modulated and the plateau phases
consists of stripes or domains [14–16]. However, the mi-
croscopic structure at the domain walls is unknown. The
domain walls could contain unusual magnetic structures
or disordered spins or both, a possibility not considered
in previous studies on TmB4. Changes in those struc-
tures can lead to a hysteretic MR while leaving the bulk
magnetization unaffected.
By considering the behavior of Hall resistivity above
saturation, we find that conventional contributions to
AHE are negligibly small in TmB4. Therefore, all devia-
tions from the ordinary, linear field dependence are due
to unconventional mechanisms. One possibity is topolog-
ical Hall effect (THE) where conduction electrons mov-
ing through a noncoplanar structure accumulate a Berry
phase due to net spin chirality leading to a Hall con-
tribution. However, neutron scattering experiments on
TmB4 have not found any evidence for a global non-
coplanar structure [14, 16]. We suggest that noncopla-
nar structures could arise at domain walls which in turn
lead to both hysteretic MR and THE. Further experi-
ments are necessary to confirm this hypothesis. Above
saturation, the magnetic structure is coplanar and any
potential THE contributions must be zero. In contrast,
our data shows that a constant term is present. There-
fore, additional contributions to AHE must be present.
Other possibilities are AHE arising from phonons and
spin waves [34, 40]. Further work is necessary to deter-
mine if they can account for the measured ρxy in TmB4.
In conclusion, we discovered that TmB4, and likely
other RB4, are electronically 3D systems and future the-
oretical models must take this result into consideration.
Our hysteretic MR results suggest that complex struc-
tures arise at magnetic domain walls that strongly af-
fect the transport properties. Our Hall resistivity results
show the presence of AHE. Further analysis reveals that
conventional contributions to the AHE are negligible and
hence unconventional contributions must be present. A
combination of high resolution neutron scattering, mi-
croscopic experiments and theoretical modelling are re-
quired to determine the magnetic structure and the origin
of unconventional AHE in TmB4.
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SUPPLEMENTAL MATERIAL
I. DETAILED METHODS
A. Crystal growth and alignment
Our experiments were performed on TmB4 single crystals synthesised by the solution growth method using an Al
flux. Bulk starting elements with a ratio of Tm:B:Al = 0.125 : 0.75 : 50 were put into an alumina crucible, which
was heated up to 1475◦C and cooled down to 750◦C over a period of ten days in a continuous flow of high-purity
argon and then quenched to room temperature via furnace cooling. The growth was then taken out from the furnace
at room-temperature and re-sealed into a silica ampoule. Single crystals of TmB4 were separated from the remaining
liquid in a centrifuge after heating the ampoule back up to 750◦C. The crystals were oriented using X-ray diffraction
in the Laue geometry with an error of less than ±5◦. For transport experiments, the crystals were cut with a tungsten
wire saw into cuboids with faces along [100] or [001].
A total of four crystals (Samples 1-4) were used in our experiments. Samples 1 and 2 were used for magnetization
experiments. All reported magnetization data was obtained from Sample 2 and key features were verified with Sample
1. Samples 3 and 4 were cut and used for in-plane and c-axis transport experiments, respectively.
B. Experimental techniques
Magnetic field was always applied along [001]. DC magnetization measurements were performed in a Quantum
Design MPMS XL SQUID magnetometer. The magnetic field for SQUID measurements was limited to 7T.
For transport experiments, electrical contacts to the sample were made by attaching 25µm/50µm gold wires with
silver epoxy (DuPont 6838 or EpoTek E4110), which ensured ohmic contacts to the sample. Resistivity and Hall
measurements were performed using a commercial measurement system (Quantum Design PPMS) using standard
4-probe AC transport techniques. For in-plane measurements, the current was applied along [100]. To correct
for contact misalignment, measurements were performed at both positive and negative fields and the data was
symmetrized accordingly (Section V). For out-of-plane resistivity measurements, the current was applied along [001].
All measurements were performed with a current 1.8mA and 5mA. No difference was found in the value of Hall
resistivity.
The small size of the samples results in considerable uncertainties in determing the distance between the electrical
contacts. As a result, an error bar of 20% is present on the absolute values of all transport quantities. However, this
error does not affect any of our conclusions.
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2C. Field protocol
The magnitude of the magnetization at the fractional plateau is known to vary with the field history [S1]. A
protocol was developed that reproduced the same magnetization curve at 2K when the measurement is repeated:
1. Cool down to 2K in zero magnetic field from above TN1 (Zero-Field-Cool)
2. Sweep the magnetic field up to 5T to reach the saturation phase and sweep down to 0T (Pole)
3. Perform measurements, making sure to sweep the field up to at least 5T at the end of the sweep. (Measure)
The second step (poling) was found to be necessary to obtain reproducible curves. All further measuerments after
poling were reproducible, provided the field was always swept up to at least 5T (step 3). This protocol was used
for both magnetization and transport measurements performed at 2K. No hysteresis was observed at 10.5K in both
magnetic and transport properties.
3II. DEMAGNETIZATION CORRECTIONS
In a magnetic material, an external magnetic fieldHapp induces a demagnetization fieldHdemag which is proportional
to the material’s magnetization: Hdemag = NM and N is the demagnetization factor. The effective field in the
material, Heff is given by
Heff = Happ −NM. (S1)
Our magnetization measurements were performed on Sample 2, which is an irregularly shaped, as-grown crystal.
We approximated it as a sphere of diameter 1.2mm and its demagnetization factor is NS2 = 1/3. Our ab-plane
transport experiments were performed on Sample 3 which is a rectangular prism of dimensions 0.516mm x 0.434mm
x 0.226mm. We used the formula of Aharoni [S2] to calculate its demagnetization factor and obtained NS3 = 0.506.
Figure S1 shows Happ, Heff and Hdemag for a downsweep at T = 2K. Hdemag follows the profile of the magnetization
and its magnitude is about 6% of Happ when µ0Happ = 10T.
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FIG. S1: Happ, Heff and Hdemag for a downsweep at 2K.
The magnetic flux density B is related to the magnetic field as B = µ0(H +M). The effective flux density Beff is
given by
Beff = µ0(Heff +M) = µ0(Happ + (1−N)M). (S2)
To correct for the demagnetization, we calculated Beff from Happ and M for each measurement. Figure S2(a)
shows M as a function of µ0Happ and Beff for a downsweep at 2K. To correct the transport data, we interpolated
the magnetization data and determined the magnetization at every field point of the transport field sweeps. We then
used the demagnetization factor of the transport sample to obtain Beff . Figure S2(b) shows ρxy as a function of
µ0Happ and Beff for a downsweep at 2K. In the rest of the manuscript, we refer to Heff as H and Beff as B for
simplicity, except when stated otherwise.
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FIG. S2: (a) Magnetization data during a downsweep at 2K plotted against Happ and Heff . (b) Hall resistivity during a
downsweep at 2K plotted against Happ and Heff .
5III. PHASE DIAGRAM
We obtained the points on the phase diagram by locating the peaks in the following derivatives: dM/dB, d(χT )/dT
and dρxx/dT . We use µ0H instead of B to allow comparison with previous work [S1, S3, S4]. Representative curves
are shown in Figure S3.
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FIG. S3: Representative raw data of dM/dB, dM/dT and dρxx/dT calculated using a three-point derivative algorithm. The
phase transitions appear as peaks, which are used to obtain the phase diagram in Figure 1 of the main text. N is the Ne´el
phase, F is the fractional plateau, H is the half plateau, P is the paramagnetic phase, M is Modulated Phase, MP1 and MP2
are Modulated Phase I and Modulated Phase II respectively, and F is the fluctuating phase. We estimate an error bar of 10%
on the absolute value of magnetization by comparing the saturation magnetization of different samples and measurement runs.
The source of the error is probably a slight misalignment of the crystal during measurement. (a) M and dM/dB at T = 2K.
The saturation magnetization is slightly smaller than the expected value of 7µB/Tm but is within the estimated error bar. (b)
M and dM/dB at T = 9K. (c) M and d(χT )/dT at B = 1.25T. The transition between MP1 and MP2 is not visible in the
magnetization curves. (d) ρxx and dρxx/dT at B = 0.25T.
6IV. ORIENTATION OF THE CRYSTAL USED FOR C-AXIS TRANSPORT
In Figure 2(a) of main text, we show ρxx and ρzz of TmB4 and find that they are very similar in mag-
nitude and T -dependence. Figure S4 confirms this result. One possible experimental error that could lead
to this behaviour is a mistake in the orientation of the crystal such that the measured ρzz is actually ρxx. We
checked for this scenario by taking a Laue photograph of the crystal after the transport measurements were completed.
Figure S5(a) shows a picture of pristine Sample 4 crystal. Figure S5(b) shows a picture of the piece that was used
for transport experiments. The electrical current was applied along the long axis. Figures S5(c) and S5(d) show the
Laue photographs of the pristine and cut crystal respectively. The Laue photographs confirm that the long axis of
the cut crystal is the c-axis.
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FIG. S4: Plot of ρxx/ρxx(300K) and ρzz/ρzz(300K) of TmB4 showing the very similar temperature dependence.
FIG. S5: (a) and (b) show pictures of Sample 4 before and after cutting. (c) and (d) show the corresponding Laue photographs.
7V. RAW TRANSVERSE VOLTAGE
Figure S6 shows the raw transverse voltage and its anti-symmetric component for a typical field sweep at 2K.
The anti-symmetric component is typically 20% of the total signal or greater. The magnitude of the anti-symmetric
component is in the 100nV regime (reaching a maximum of 250nV at 10T) which is well above our typical noise level
of ∼5nV. Therefore, the magnetoresistance contamination in the Hall resistivity measurements does not affect the
conclusions presented in the manuscript.
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FIG. S6: Raw transverse voltage and its anti-symmetric component for a typical field sweep at T = 2K. The above curve has
not been corrected for demagnetization.
8VI. CONVENTIONAL AHE FIT AT HIGH MAGNETIC FIELDS
Figure S7 shows the Hall resistivity along with the best fit to conventional AHE theories at T = 2K. The best fit
shows significant non-linearity at high-field while the ρxy data is linear.
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FIG. S7: High-field Hall resistivity in TmB4 at 2K. The dashed line is the best fit to conventional AHE theories. The best fit
shows significant non-linearity above saturation while the data is linear.
9VII. CONVENTIONAL AHE FIT PARAMETERS
TABLE S1: Conventional anomalous Hall effect fit parameters
T (K) R0 (m
3/C) a (m/A) b (V−1)
2 1.43×10−10 -1.59×10−7 0.29
10.5 -8.23×10−9 1.20×10−6 -6.40
15 -1.52×10−8 3.73×10−6 -25.1
Table S1 shows the parameters obtained from the fit to the conventional anomalous Hall effect equation (Eq. 1 of
main text).
All parameters vary strongly with temperature. The value of R0 is small and positive at 2K, becomes large and
negative and 10.5K and becomes even larger at 15K. In contrast, the measured Hall resistivity is linear at high-field
at all temperatures with a weakly varying slope (Section IX).
The strong temperature dependence of a and b, including sign changes is also unlikely to occur in the conventional
theories. These observations are further evidence that the conventional theories cannot satisfactorily explain the
behavior of ρxy in TmB4.
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VIII. COMPARISON OF MAGNETIZATION AND TRANSPORT PROPERTIES IN THE TWO
MODULATED PHASES
Figure S8 and Figure S9 show a comparison of the magnetization and transport properties of TmB4 in the two
modulated phases. T = 10.5K corresponds to Modulated Phase II and T = 11.3K corresponds to Modulated Phase
I. Magnetization, magnetoresistance and Hall resistivity are qualitatively similar, and we chose to focus our analysis
in the main text on Modulated Phase II. The same analysis and arguments also apply to Modulated Phase I.
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FIG. S8: Magnetization of TmB4 at T = 10.5K and T = 11.3K. The magnetization curves are qualitatively similar in the two
modulated phases. The above curves have not been corrected for demagnetization.
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IX. CARRIER CONCENTRATION
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FIG. S10: (a) ρxy at 300K. A linear fit is shown as a dashed line. (b) ρxx at 300K. A quadratic fit is shown as a dashed line.
The above curves are not corrected for demagnetization, as the magnetization at 300K is very small.
Figure S10 shows the longitudinal and Hall resistivity of TmB4 at 300K. We notice that ρxy is linear but ρxx is
quadratic and shows no signs of saturation up to the measured field of 10T. While a linear field dependence in ρxy is
expected for a single conduction band, a non-saturating magnetoresistance can only appear in two circumstances [S5]:
(1) A Fermi surface with open orbits and (2) two conduction bands with equal and opposite carrier concentration.
Ab-initio calculations on RB4 [S6] and quantum oscillation measurements on the related compound YB4 [S7] show
that the Fermi surface consists of multiple closed electron and hole pockets. Therefore, we conclude that the second
scenario is occuring in TmB4.
For a two-band model with equal electron and hole concentration, the Hall resistivity and the magnetoresistance
are given by [S8]
ρxy =
(ρ22 − ρ21)R
(ρ1 + ρ2)2
B, (S3)
ρxx =
ρ1ρ2
ρ1 + ρ2
+
R2
ρ1 + ρ2
B2, (S4)
where R = 1/ne, n is the carrier concentration of each band and ρ1 and ρ2 are the resistivities of the two bands
respectively. In the above equations ρxy ∝ B and ρxx ∝ B2, exactly as we observe in TmB4.
By comparing the parameters obtained from our fits to the 300K data, we obtain R300K = 2.044 × 10−8 m3/C,
ρ1,300K = 8.425 × 10−7 Ωm and ρ2,300K = 9.615 × 10−7 Ωm. The carrier concentration at 300K is
n300K = 3.054× 1026 m−3, which corresponds to 0.061 electrons and holes per unit cell.
Figure S11 shows the longitudinal and Hall resistivity of TmB4 at 2K. At 2K, ρxy is linear at high-field but
has a non-zero y-intercept. A simple two-band model or the conventional AHE theories cannot account for such a
constant term. However, if we only consider the slope of the ρxy curve, we can repeat the above analysis to obtain
the carrier concentration: R2K = 3.772× 10−8 m3/C, ρ1,2K = 2.042× 10−8 Ωm and ρ2,2K = 2.255× 10−8 Ωm. The
corresponding carrier concentration is n2K = 1.655× 1026 m−3, which is 0.033 electrons and holes per unit cell. We
note that the carrier concentration at 2K is similar to the value obtained at 300K as well as the experimental value
obtained at 1.5K by Tanaka and Ishizawa for the non-magnetic compound YB4 (∼ 0.03) [S7]. These results allow us
to definitively conclude that the high-field behavior of ρxy at 2K is the sum of the linear contribution from ordinary
Hall effect and a constant term.
Figures S12 and S13 show the longitudinal and Hall resistivity of TmB4 at 10.5K and 15K respectively. The be-
havior of ρxy above saturation (Fig. S12(a) and S13(a)) is similar to 2K: linear with a non-zero y-intercept. However,
attempting to fit the ρxx data above saturation to Eqn S4 (Fig. S12(b) and S13(b)) leads to a negative resistance at
12
zero magnetic field implying that either ρ1 or ρ2 is less than zero. We believe this unphysical result is due to the
presence of additional MR contributions of unknown origin at 10.5K and 15K. If we only compare the slopes of the
ρxy curves at 2K, 10.5K and 15K, we see that they are all of a similar value (Table S2). This close correspondence sug-
gests that ρxy above saturation at 10.5K and 15K is also the sum of the ordinary Hall contribution and a constant term.
TABLE S2: Slope of ρxy at high field
T (K) Slope of ρxy (µΩ cm T
−1)
2 -0.169
10.5 -0.168
15 -0.178
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FIG. S11: (a) ρxy at 2K up to 10T. A linear fit to the data above 5T is shown as a dashed line. (b) ρxx at 2K up to 10T. A
quadratic fit to the data between 5T is shown as a dashed line.
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FIG. S12: (a) ρxy at 10.5K. A linear fit to the data above 7T is shown as a dashed line. (b) ρxx at 10.5K. A quadratic fit to
the data above 7T is shown as a dashed line.
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FIG. S13: (a) ρxy at 15K. A linear fit to the data above 8T is shown as a dashed line. (b) ρxx at 15K. A quadratic fit to the
data above 8T is shown as a dashed line.
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